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ABSTRACT 

Bonded zone analysis in adhesive joints becomes a point of concern when they become exposed to unexpected 
constraints. The influence of specific parameters like adhesive thickness, composition, and temperature may alter the 
bonded zone outcomes in the bonded area. Hence, research with a particular focus, like analyzing an adhesive joint 
subjected to a specific set of variations, needs facilitation. The DCB tests done for the replication of the mode-1 loading 
characteristics becomes relevant for the analysis. The paper profiles the outcomes of a DCB test done on an adhesive 
joint between Aluminium and Mild steel substrates subjected to a set of variations, which includes thickness, 
composition alteration, and test environment temperature. The derived results provide a suitable insight into the 
influence of the mentioned variations on the bonded zone. 
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INTRODUCTION 

Bonded zone analysis provides insight on the stress involvement whenever dissimilar substrates are bonded 
adhesively and subjected to different variations. A suitable extent of research is focussed on the beam theory 
application to decide the area of stress influence in single-lap adhesive joints [1]. Initial analysis done using similar 
substrates was used for comparative analysis when they replace dissimilar substrates [2]. The research initiative 
outlined in this paper covers the bonded zone analysis done using adhesive joints bonded between Aluminium and 
Mild steel substrates. The variations included were adhesive thickness, composition, and temperature. 

LITERATURE REVIEW 

The literature reviewed a wide range of papers oriented around the specific variations implemented in this work. 
The research explicitly studies the influences of thickness, composition, and temperature variations. 

The influence of repeated cyclic loading applied on different adhesive layer thickness in DCB experiments 
was studied by Mall & Ramamurthy [3]. Sela et al. [4]investigated the effects of adhesive thickness under both 
mode-1 and mode-2 loadings for variations in interlaminar fracture toughness involving CFRP substrates. The 
fracture of the adhesive layer was analyzed using three variations in thickness by Kafkalidis et al. [5] Some of the 
literature reiterate the fact that the fracture energy varies with the extent of adhesive thickness as reported in the 
works of Madhusudhana & Narasimhan [6], Ikeda et al. [7] and Pardoen et al. [8] 

A similar investigation which made an attempt to relate the stress intensity factors to the bondline 
thickness range was undertaken by Gleich et al [9]. Mehrabadi [10] in an investigation used a DCB specimen which 
had a constant adhesive thickness of 0.4mm which was affirmed by placing calibrated steel rods of tolerance 
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(0.4+.01mm) between the GFRP substrates. In another significant investigation, the increment of bond-line thickness from 
0.1 to 3 mm attributed to a uniform drop in failure load by Grant et al[l 1]. The significant works of Taib et al[12] revealed 
the drop of failure loads which was inversely proportional to the adhesive layer thickness. 

Griffiths et al. [13] used the DCB test to measure the fracture energy of a series of cured epoxy resins. Monteiro & 
D’Almeida[14] analyzed the possibility of mechanical property variation dependence on the hardener-resin proportion 
variation. Kishore et al. [15] used glass fiber to physically modify the Araldite epoxy resin in an attempt to improve its 
wear resistance. 

The impact of the resin/hardener ratio on the mechanical properties like yield stress and fracture was studied by 
Pandini et al [16]. The epoxy resin behaviour transitioned between ductile to brittle performance which was dependent on 
the hardener-resin proportion variation. Another significant investigation which incorporated the infusion of carbon 
nano-fillers in the epoxy resin resulted in a remarkable increase in the propagation number of the mode-1 adhesive fracture 
energy by M R Gude et al [17]. Suitable development for adhesives to be made for enhanced fracture energy is done by 
suitable altercations of the chemical stochiometry by the addition of elastomeric prepolymers which is reported in the 
patented works of Lutz and Schneider [18]. 

Adams et al. [19] investigated the strength and state of stress of a dissimilar substrate DCB specimen 
(Titanium/CFRP substrates) under the impact of the temperature range between -500°C and 2000°C. Owens and Lee[20] 
compared the reduction in structural stiffness of another unique substrate DCB specimen (Aluminium/composite 
substrates) at the selective temperatures of -400°C and 230°C. Kim et al. [21] investigated the impact of environmental 
temperature on the fracture behaviour of dissimilar substrates, including thermoplastic polymers and carbon fiber 
composites in DCB testing. Preliminary research done by the author [22] concentrated on the bonded region of specimens 
using mild steel similar substrates with the same variations. 

The adhesive layer exhibited behaviour transition from brittle to ductile and stick-slip as intermediate for 
temperatures of -50°C, 22°C and 90°C respectively which was promptly reported in the works of Ashcroft et al [23]. The 
same nature of investigation was extended for mixed mode loading using test environment humidity and temperature as 
controlling parameters on the crack propagation nature in adhesive joints between aluminium substrates in asymmetric 
DCB specimens by Datla et al[24]. Walander et al [25] an investigation identified that the Critical Strain Energy Release 
rate(G ic ) value was independent of the corresponding temperatures when they were well below the glass transition 
temperature. However, when the temperature values are in proximity with the glass transition temperatures, there was a 
pronounced reduction of the G ic values. 

From the reviewed works of literature, it is quite evident that the incorporated variations provide enough insight 
into the bonded zone nature of the bonded zone in the adhesive joints. But a wide range of researches are ont mentioning 
the influence of variation of the hardener or resin content in the adhesive while creating the specimen. Hence, the present 
research studies the influence exerted by the mentioned variations on the bonded zone characteristics. Three variations are 
attempted including the adhesive thickness, composition in the form of hardener resin variation, and temperature. 

EXPERIMENTAL DETAILS 

The work analyses a DCB test done on a specimen made of Aluminium and Mild steel substrates bonded with Araldite 
2015. The bonded zones are observed based on inducing the variations separately. 
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• Bond thickness (1, 1.5&2 mm). 

• Composition(AS-I, II,& III) given in table(2). 

• Temperature (T = 30° C, 50° C, and 70° C). 

The following flow chart provides the experimental details. 



Figure 1: Experimental Procedure Flow Chart. 

The DCB specimens used mild steel (EN24B) and Aluminium (AA 6061-T6) as substrates. Table 1 lists their 
material properties. Goyal et al. [26] and Choupani et al. [27] did research similar to the choice of substrate selection and 
justification in this work. Araldite 2015, being a two-component toughened epoxy adhesive was selected as the adhesive 
due to its excellent bonding characteristics between the dissimilar substrates. 


Table 1: Substrate Properties 


SI. 

No 

Substrate 

Elastic 

Modulus(N/mm 2 ) 

Tensile 

Strength(N/mm 2 ) 

Yield 

Stress(N/mm 2 ) 

Hardness(HB) 

1 

AA 6061-T6 

68.9 x 10 3 

310 

276 

95 

2 

EN24B 

200 x 10 ' 

900 

700 

250 


Figure 2 Shows the Variations Sequence Implemented in the Experiments. 
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Figure 2: Variation Combination 


The adhesive thickness is decided based on the substrate thickness before and after joint formation. The 
thickness(t) is obtained by subtracting the total joint thickness(Tj) and twice the substrate thickness using equation(l). 

t = Tj- 2 t sub ( 1 ) 

The resin and hardener are mixed following the proportionality, which led to the formulation of three adhesive 
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samples(AS-I, II, & III) mentioned in table 2. The hardener volume was fixed, and the resin was varied. Efforts made to 
keep the resin fixed and the hardener to be varied resulted in complications while trying to incorporate the other variations. 


Table 2: Substrate Properties 


SI. No. 

Proportion Type 

Hardener(ml) 

Resin(ml) 

1 

AS-I 

5 

7 

2 

AS-II 

5 

7.5 

3 

AS-III 

5 

9 


The temperatures selected were based on the glass transition temperature(T g ) of Araldite 2015, which is 40°C. A 
muffle furnace was arranged in proximity with the UTM, and the tests were carried out. The deviations in the temperature 
due to the transfer of the specimens from the furnace to the fixture were systematically recorded. The room temperature 
specimen was devoid of any arrangements, and the test results were compiled for analysis. 
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Figure 3: DCB Specimen Configuration. 

The tests were done by ASTM D 5528-02 on a tensile testing machine having a cross-head displacement range 
between 0.5 to 5 mm/min, which conforms to ISO 5893. The Corrected Beam Theory (CBT) data reduction scheme shown 
in the equation(2) was used to obtain the R curve from the P-8 curves. 

r 3P8 /a\ 

Uic ~ 2fr(a+|A|) { J 

Here |A| denoted a correction parameter derived from the plot generation between the compliance cube-root(C 1/3 ) 
and the bonded zone length(a). 

OBSERVED SEPARATION NATURE 

The three variations imposed during the DCB test were independently done on the Aluminium mild steel substrate 
specimen to study the bonded zone nature during each test. Table 3 broadly lists the nature of separation when the 
variations were implemented. Figures 4 and 5 reveal the AA 6061-T6 and EN 24 B specimens before the bonding was 
initiated. Figures 6 and 7 reveal the DCB specimen and the ASTM Standard followed for the specimen formation. 


Table 3: Observed Separation Nature 


Variations 

Imposed 

Sub- 

Variations 

Fixed Variation 

Observed Separation Nature 

Thickness 

t= 1 mm 

AS-I, T = 30°C 

Erratic 

T = 1.5mm 

Non-uniform resistance and sudden 

T = 2mm 

Massive initial resistance followed by abrupt bonded 
zone more pronounced than that for t=1.5mm 

Composition 

AS-I 

t= 1mm, T = 

30°C 

Uniform 

AS-II 

Non-uniform resistance and sudden 

AS-III 

Heavy resistance and abrupt 
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T = 30° C 


Zig-zag 

Temperature 

T = 50° C 

AS-I, t = 1mm 

Rapid separation 

T = 70°C 

Bonded zone more pronounced than that for T = 50° 

C 



Figure 4: Aluminium Substrates Before 
Bonding. 



Figure 6: Fabricated DCB Specimen. 



Figure 5: Mild-Steel Substrates. 



Figure 7: DCB Specimen (ASTM D 
5528-02). 


RESULTS AND DISCUSSIONS 



-- T = 30° C 

- T = 5Q*C 

- T=70° C 
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Figure 8: P-5 Curve for Temperature Variation (AS-I, t = 1mm). 
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- T = 30° C 

- T = 5W'C 

- T=7Q°C 


0 20 40 60 80 100120140160 
delamination length a 1 (mm] 

Figure 9: R Curve using CBT. 


The figures 8 and 9 represented the P-8 curve and the resultant R curve obtained using the CBT for the specimen 
which used the AS-II adhesive and a thickness of 1mm. The P- 8 curve and the R curve revealed the bonded zone nature of 
the AS-I adhesive under temperature variations. After 2 kN, the linearity abruptly ended for all three temperatures, which 
are characteristic of the bonded zone nature mentioned in the table 3 for the AS-I, 1mm thickness combination. The 
proportional equality of the resin and hardener contributed to the bonded zone behavior mentioned in the previous 
statement. 



Figure 10: P-8 Curve for Temperature 
Variation(AS-II, t=lmm). 




Figure 12: P-8 Curve for Temperature 
Variation(AS-II, t=lmm). 


Figure 11: R Curve using CBT. 
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— 50 D C 
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Figure 13: R curve using CBT. 
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The plots revealed in figures 8-13 substantiated the bonded zone separation mentioned in table 2. They represent 
the P-5 curves and the resultant R curves obtained from the DCB tests done on specimens using the AS-I, II, &III adhesive 
types and 1mm bond thickness subjected to the three temperature variations following the sequential test pattern mentioned 
in figure 2. The AS-II adhesive used under elevated temperatures induced marginal linear variations visible in both the P- 5 
and the R curve. The variations indicated the inconsistency mentioned in table 2. The R curve also highlights a degree of 
necking at the fourth value for all the three temperatures. The plots reveal the degree of resistance lowering to the 
separation which is accrued due to the increase in the temperature from 30° C to 70°C. Under increased temperature the 
lowering of resistance to separation was characterised by acute degree of necking in the R curve shown in the figure 9. 

STRUCTURAL ANALYSIS 


A structural analysis was initiated for the DCB specimens when the adhesive thickness was kept as 1 mm and 1.5mm. The 
following diagrams (Figures 14 and 15) reveal the stress distribution plots for the thickness of 1mm and 1.5 mm. 



Figure 14: Stress Distribution Plot- 
lmm Thickness. 
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Figure 15: Stress Distribution Plot-1.5 
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The Figure 14 reveals the stress distribution contours in the DCB specimen incorporating the thickness variation 
of t = 1mm. The maximum stress areas are seen as distributed near the delamination tip zone and on the top substrate zone. 
The maximum stress value is seen as 0.027825 N/mm2. The stress contours are seen as gradually receding towards the 
specimen tip in a non-uniform manner. The recession is also seen towards the other end of the specimen and then levels out 
as a constant value. 


For a thickness variation of t = 1.5mm, a 3D stress distribution plot is obtained in the figure 15 which shows a a 
maximum stress value of 30.35 kN/mm 2 . The maximum stresses are more concentrated in the delamination tip zone as well 
as in the substrate zones directly above and below. The recession in the stress value is seen in a gradual manner towards 
the crack tip. Furthermore, the recession is abrupt in the other direction. 
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SEM ANALYSIS 



white loop 
formation 


white loops increase 


Figure 16: SEM Image of AS-I(lOOx). 


Figure 17: SEM Image of AS-II(lOOx). 





coagulated 

mast 


Figure 18: SEM Image of AS-III(lOOx) 


Figure 19: SEM Image of AS-l(500x) 




Figure 20: SEM Image of AS-II(lOOx). Figure 21: SEM Image of AS-III(500x). 

The SEM image of the AS-1 bonded zone shown in figure. 16 revealed the bonded zone tip towards the end of the 
separation sequence. The white loop, like arrangement dispersed throughout the entire image, represents the prominent 
characteristic that represents the resin content in the composition. Figure 17shows another SEM image of the AS-II bonded 
zone also taken at the end of the separation sequence like AS-I. The arrangement of the white loops seems to be more 
prominent which justifies the increase in the resin content. Figure 18 represents the AS-III bonded zone, revealing the 
white loop region extending from the top left towards the bottom right in the form of an irregular curved line. The 
prominence of the white loop like regions are characteristic of the responses to the resin content variation which 
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significantly influences the seperation characteristics and agrees with table 2 and the plots. 

The pattern in Figure 18 is prominently visible in an incomplete loop form. The remaining regions show slightly 
inclined parallel line patterns extending from the top left region to the bottom right regions of the SEM image. The patterns 
and wavy dispersed forms are considered to be indicative parameters regarding the hardener resin proportion equivalence 
which has a pronounced effect on the separation retardation sequences observed when dissimilar substrates are subjected to 
mode-1 loading in the DCB tests. 

The top right and the bottom left regions show more dispersion of the white stripes in a random manner whereas 
the white regions are more concentrated in the form of granules in the middle region of the SEM image. The remaining 
regions are seen as marginally inclined and parallel line patterns. This is an indicative parameter highlighting the 
dispersion of the resin component. The white region is seen extending from the top left region and extending towards the 
bottom right region in the form of an irregular curved line. The remaining portions of the SEM image reveal the white 
regions as dispersed and clustered granule form more concentrated in the right border. 

The Figure 19 shows the adhesive layer composed of the AS-I adhesive seen at a magnification of 500x. The 
white regions are seen as a coagulated mass more pronounced on the top right corner of the image. The rest of the image is 
composed of a uniform dispersed mass sprinkled with black cavities at different locations. A non-uniform line is seen as 
propagating from the top towards the bottom of the image. It may be noted as significant that the two distinct patterns of 
coagulated white regions and the uniform dispersed mass cluttered with black cavities occupy an almost equal space in the 
image which is due to the equivalence of hardener-resin proportion. 

The Figure 20 reveals the SEM image taken at 500x magnification of the bonded zone of the AS-II adhesive. 
Unlike the previous images, the white regions are dispersed throughout the region as wavy patterns among inclined and 
parallel line patterns. The white wavy patterns are more concentrated in the middle region of the fractograph. The middle 
region of the SEM image shows a distinct cavity which is seen as a black zone contrasting with the rest of the white wavy 
patterns. This is due to the non-uniformity in the resin distribution. 

The Figure 21reveals the image taken with a higher degree of resolution and magnification of the adhesive layer 
constituting the AS-III adhesive. The patterns highlighted in the previous image (Figure 13) of the same proportions are 
further enhanced in the present image which reveals the white pattern as a dispersed and coagulated solid mass dominating 
the entire region which is indicative of the hardener dominance. The black regions are more clustered in the top right 
region of the image. The line patterns in the other fractographs are not visible which is due to the dominating influence of 
the white region as a dispersed and coagulated solid mass mentioned previously. The consistency of the solid mass is more 
in the bottom right corner of the image which gets reduced in intensity in the remaining parts. 

CONCLUSIONS 

The process of procuring the P-8 curve and the R curve and the SEM images assist in understanding the nature of the 
adhesive-bonded zone under the imposed variations. 

• An increase in the resin proportion produces an elevation of the G ic value as shown from the values obtained for 

AS-II which are slightly less when compared with AS-I and III. 

• The presence of dissimilar substrates and the variation in the hardener-resin proportion affected the G ic values 
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during bonded zone. 

• The AS-III formed DCB specimen revealed uniform variations among the results obtained from the CBT and 
SEM results. The variations were slightly contrasting to the AS-II, and AS-I formed DCB specimens. 

• Similarly, the elevation of temperature from 30°C to 50°C and subsequently to 70°C saw some coincidence in the 
establishment of several basic white loop patterns that were significantly visible from the SEM images. 

• The specimen that had an AS-II adhesive under an adhesive layer thickness of 1mm and a temperature of 50° C 
produced outstanding results, which were found to be suitable for excellent bonded zone characteristics. 

• The investigation was able to successfully determine the optimal configuration of parameters such as dissimilar 
substrate combination, suitable hardener-resin proportion variation in the form of AS-I, II, and III, test 
temperatures, and thickness of the adhesive layer for minimal delamination in the adhesive joint. 

Hence the work which focused on the influences of the adhesive thickness composition and temperature variations 
was done to study the bonded zone sequences of a dissimilar substrate formed DCB specimen. The generated results 
provided reasonable insight into the bonded zone nature of the adhesive joint. 
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